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Introduction:  Many science missions are exploring 

the atmospheres of planetary bodies in the Solar System. 
One of the main goals of the Mars Atmosphere and Vol-
atile Evolution (MAVEN) spacecraft is understanding 
how the Martian atmosphere evolved over time; this is 
accomplished in part by measuring the loss rates of var-
ious gases and determining the ratio of stable isotopes 
in the upper Martian atmosphere [1]. To place the re-
sults from MAVEN and the atmosphere of Mars, in gen-
eral, in a larger solar system context, we need to study 
similar processes in the upper Earth atmosphere. To this 
end, we are working to better understand the stable ox-
ygen isotope abundances and the processes that affect 
them in Earth's thermosphere, specifically isotope frac-
tionation due to mass-independent processes such as 
photodissociation. The main goal of this work is to 
model Earth’s upper atmosphere in terms of the number 
densities and delta values of 16O, 17O, and 18O: first, us-
ing simple equations from atmospheric diffusion theory, 
and then using the more sophisticated VULCAN photo-
chemical code.  

Atmospheric Structure. The thermosphere of the 
Earth begins at the homopause, which is about 100 kil-
ometers above the surface. The homopause defines the 
transition between an atmosphere mixed by eddy diffu-
sion (below) and molecular diffusion (above). Above 
the homopause, heavier species have smaller scale 
heights than lighter species due to diffusive separation. 
Isotope fractionation refers to various processes that 
change the relative abundances of isotopes. Mass-de-
pendent fractionation processes (MDF) are when the 
abundance of isotope scales with the mass of each iso-
tope. Mass-independent fractionation (MIF) is when the 
abundance of the isotopes scales by some other process. 
We expect that below the homopause there is very little 
fractionation of isotopes due to eddy diffusion, while 
above the homopause diffusive separation results in 
stronger mass-dependent fractionation.  

To quantitatively describe the effects of isotope frac-
tionation, geochemical ‘delta’ notation is used. Values 
are given in per mill (‰). For oxygen, the ratio of two 
stable isotopes relative to a standard is given by 𝛿 𝑂# =
10' 𝑅)*+,-.# 𝑅)/*01*21# − 1  where 𝑅# = 𝑂# 𝑂45  
for x = 17 or 18. We can compute the quantity ∆17𝑂 =
	𝛿 𝑂49 − 0.528𝛿 𝑂4> y  which describes deviation from 
mass-dependent processes. Materials in the atmosphere 
should have ∆49𝑂 = 	0. 

Methods:  

Diffusion Theory Model. Atomic oxygen becomes 
an important constituent in the atmosphere above the 
homopause [2]. Oxygen isotope abundances have been 
studied for many years but not at altitudes above the 
homopause. From theory [2], the molecular diffusion 
coefficient (in cm2 s-1) for the different oxygen isotope 
species can be approximated as:  
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where 𝑚4 and 𝑚@ are the mass of the background air 
and the mass of the isotope in grams, 𝑛 is the number 
density of the background atmosphere approximated as 
𝑛 = 	𝑛H𝑒JK/M, and H is the scale height of the back-
ground atmosphere below the homopause: 𝐻 = 	 OP
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Due to diffusive separation, the scale height of each ox-
ygen isotope will be slightly different than the scale 
height of the air below the homopause:	𝐻𝑖 = 	
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. 
These components are required for the number density 
equation: 
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where 𝑛H,# is the number density at the bottom of the 
atmosphere for isotope x, and 𝐾is the eddy diffusion co-
efficient. For this model, we approximate the atmos-
phere as isothermal with a temperature of 500 K, and 
the eddy diffusion coefficient as constant with a value 
of 105 cm2 s-1. For altitudes up to 500 km, we calculated 
the number densities for 16O, 17O, and 18O. 

VULCAN. We then employed VULCAN, a photo-
chemical kinematics code, for a more accurate look at 
the number densities of oxygen isotopes in the upper 
Earth atmosphere. VULCAN utilizes a realistic temper-
ature profile for Earth and includes chemistry and pho-
tochemistry for the most important chemical species in 
the atmosphere [3]. However, it does not include iso-
topes or ion chemistry, so we modified the code to in-
clude oxygen isotopes. The number densities from 
VULCAN are shown in Figure 1 with the results from 
the isothermal diffusion theory calculation. 

Results: Figure 1 shows the number densities for the 
stable oxygen isotopes calculated using diffusion theory 
and VULCAN. The solid lines are the results from the 
diffusion theory equations, and the dashed lines are the 
VULCAN results. The number density (in cm-3) for 16O 
is in blue, 17O is in green, and 18O is in red.  
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Figure 1. The number densities for the stable oxygen isotopes, 
calculated from diffusion theory (solid lines) and using 
VULCAN (dashed lines). The homopause is shown with the 
solid black line. 

We expect to see the slope of the number density 
lines to be different below and above the homopause 
(due to diffusive separation). The diffusion theory ap-
proximation has a slope change at around 200 km due 
to the assumed isothermal temperature profile. The 
VULCAN results diffusively separate closer to 100 km, 
the true Earth homopause.  
Delta values. Figure 2 shows the values for 𝛿17𝑂 and 
𝛿18𝑂 (‰) calculated using diffusion theory (solid lines) 
and VULCAN (dashed lines).  

 
Figure 2. The delta values(‰) for 𝛿49𝑂 and 𝛿49𝑂 calculated 
from diffusion theory (solid lines) and using VULCAN (dashed 
lines). The homopause is shown with the solid black line. 

The delta values from the diffusion theory approxi-
mation are depleted by about 100 ‰ more than the 
VULCAN results for both 𝛿17𝑂 and 𝛿18𝑂.  
∆17𝑂 plots. Figures 3 and 4 show ∆49𝑂 from diffusion 
theory (solid lines) and VULCAN (dashed lines). 
However, the slope factor of 0.528 results in ∆49𝑂 en-
richments on the order of 40 ‰, shown in Figure 3.  

 
Figure 3. The ∆49𝑂 values (‰) calculated from diffusion the-
ory (solid lines) and using VULCAN (dashed lines). 

Based on the barometric law behavior of the individual 
isotopes undergoing molecular diffusion, we redefined 
∆49𝑂 = 	𝛿 𝑂49 − 0.500𝛿 𝑂4>  which results in a ∆49𝑂 
depletion of -2 ‰ from the diffusion theory calculation 
and an enrichment of 5 ‰ from VULCAN, shown in 
Figure 4.  

 
Figure 4. The ∆49𝑂 values (‰) calculated from diffusion the-
ory (solid lines) and using VULCAN (dashed lines), zoomed 
in to show the relevant values. 

Conclusions: We find that diffusion of isotopes in 
the upper atmosphere follows mass-dependent behav-
ior, but with a 0.500 factor in the fractionation law ra-
ther than 0.528. This is a result of barometric law be-
havior rather than the usual mass-dependence of iso-
topic zero-point energies. Use of the 0.528 factor yields 
large and false anomalous isotope behavior. 
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